Sleep Restriction Facilitates Pain and ERP-Matre et al.
INTRODUCTION
Poor sleep is a major health problem and symptoms of insomnia are reported by 7% to 15% of the general population in Norway. 1, 2 The bidirectional association of sleep and pain has been investigated in a large number of studies. According to a recent review, sleep impairments seem to be a stronger, more reliable predictor of pain than the reverse. 3 Two prospective studies indicate that sleep disturbances are associated with up to twofold risk for developing chronic musculoskeletal pain. 4, 5 However, there are examples of longitudinal studies reporting that pain leads to sleep impairments; e.g., a recent study showed that headache and chronic musculoskeletal disorders predicted insomnia 11 y later. 6 In order to understand the mechanisms that account for the associations between sleep and pain, experimental studies are needed. The combined results from such studies leaves little doubt about the hyperalgesic effect of restricted or disturbed sleep. 7 Sleep restriction (SR) varies between total sleep deprivation, sleep restriction for parts of the night, sleep fragmentation, and deprivation of specific sleep stages. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The majority of these studies evaluated changes in pain by subjective psychophysical measures, such as pain threshold and painintensity ratings of suprathreshold stimuli across different types of experimental pain stimuli.
Three sleep restriction studies measured neural correlates of pain, focusing on cortical mechanisms. 14, 22, 23 In these studies, subjective ratings of laser-induced pain were unchanged 23 or increased 14, 22 after sleep restriction, whereas sleep restriction was accompanied by reduced amplitude of the laser-evoked potentials. The seemingly paradoxical changes between psychophysical and neurophysiological outcome measures following reduced sleep needs attention.
Conventional time-domain averaging makes a considerable part of the information present in single-trial electroencephalographic (EEG) responses undetectable, primarily because time-domain averaging may miss potentials that are not perfectly time-and phase-locked to the stimulus. 24 Decomposing the EEG into both time and frequency domain (time-frequency domain averaging) accounts for these potential differences in response latency (jitter). Time-frequency analysis is also able to detect modulations of the ongoing EEG oscillatory activity that may appear either as a transient increase (event-related synchronization, ERS) or as a transient decrease (event-related desynchronization, ERD). 24, 25 Therefore, time-frequency analysis could reveal more of the information that code for subjective pain than does time-domain analysis. 24 , 26 We wanted to assess the contribution of sensorimotor cortex on pain processing and therefore analyzed ERD from contralateral central electrodes (C3/C4). 27, 28 Thus, the current study addressed the associations between sleep restriction and elicited brain responses by expanding the EEG analysis to the time-frequency (TF) domain, in addition to the more conventional time-domain averaging.
Two types of experimental pain stimuli were included in the current study: muscular pressure pain and electrically induced cutaneous pain. Muscular pressure pain sensitivity was tested at a shoulder muscle, a common region for musculoskeletal pain disorders and an area in which the effect of SR on pain sensitivity has not previously been tested. In order to excite nociceptors, high-density electrical stimulation of free nerve endings located in the superficial skin is an alternative to the laser. 29 The current study induced pain by high-density electrical stimulation of the skin by a punctuate electrode similar to the electrode described by Inui and coworkers. 30 Special attention was given to the role of habituation to the painful test stimuli, as attenuation of habituation to stimuli is one potential mechanism for sleep restriction-related hyperalgesia. Attention was also given to the role of stimulus intensity, because a recent study found that reduced sleep affect pain of high intensity only. 21 The aim of the current study was to determine the associations between experimental SR and both subjective pain and electrically elicited brain potentials in the laboratory. Specific aims were (1) to determine whether habituation to repeated blocks of painful electrical stimulation varied between sleep conditions, (2) to determine whether sleep condition affected electrical painful stimulation at different intensities, and (3) to determine whether SR would affect modulations of the ongoing EEG oscillatory activity after painful electrical stimulation. Finally, (4) whether the muscular pressure-pain threshold varied between sleep conditions was determined. A crossover design was chosen, comparing the effects of 2 nights of habitual sleep (HS) with 2 nights of partial SR.
METHODS

Subjects
Subjects were recruited through advertisement and flyers posted at the university and colleges in Oslo and by advertisement at the homepage of the National Institute of Occupational Health, Norway. Exclusion criteria were self-reported history of pain, neurological or psychiatric disease, or the use of prescription drugs (female subjects could use contraceptives). All volunteers were self-reported healthy.
Twenty-one subjects (mean age 23.4 ± 3.7 y, range: 18-31 y; 13 female, 8 male) participated in the study. The subjects were instructed not to drink alcohol and to discontinue use of any over-the-counter analgesics the least 24 h before the experiment. Subjects were blinded for the study's hypothesis. All participants received written information and signed an informed consent form. The study was approved by the Norwegian Regional Committee for Medical Research Ethics (approval number 2012/199).
Sleep Restriction
The SR condition consisted of 2 nights with 50 % sleep restriction, self-administered in the subject's home. The subject received the following instruction 2 d before the laboratory experiment (translated from Norwegian): "The 2 nights before the lab-experiment you should sleep half your normal sleep length, i.e. ____ hours. We ask you to get up at 7:00 AM tomorrow and the day of the lab-experiment. You should therefore go to bed at ____ AM, both tonight and tomorrow night. We ask you not to sleep at other times." For example, in the case of a subject having a habitual sleep length of 8 h, half the normal sleep length would be 4 h and the subject would be instructed to go to bed at 03:00, both tonight and tomorrow night.
Design
The study was a paired crossover design on which the protocol was repeated twice on the same subjects under two different conditions: after at least 2 nights with habitual sleep (HS) and after 2 nights with partial SR. On both test days the experiment started between 08:00 and 09:00. The order of the sleep conditions was counterbalanced (block-randomization) and there was at least 1 w between the first and second test. A pretest took place 2 d before the first test, in order to familiarize the subjects with the procedures.
Measurements of Sleepiness, Alertness, Sleep Latency, and Sleep Length
Time in bed (TIB) was calculated based on sleep diaries. Total sleep time (TST) was calculated based on actigraph measurements (ActiSleep + monitor, ActiGraph, Pensacola, FL, USA). The actigraph was worn on the wrist 48 h prior to the experiment. TST was calculated based on the Cole-Kripke algorithm adjusted with In-bed and Out-bed times from the diary, as recommended by the manufacturer. At the start of each experiment, subjective sleepiness was measured by the Karolinska Sleepiness Scale (KSS) 31 and behavioral alertness was measured by a computerized version of the 10-min Psychomotor Vigilance Test (PVT) 32 (custom-written C++ program, National Institute of Occupational Health, Norway). Sleep latency was measured objectively by EEG + EOG at the end of the experiment (around 12:00). During the sleep latency measurement the room was darkened (< 1 lux), the subject's chair was reclined to a near horizontal position and the subject was left alone for 20 min and asked to try to fall asleep.
Electrical Pain Stimulation
High-density electrical stimulation was delivered through an electrode adapted from Klein et al. 33 and Inui et al. 30 The electrode consisted of a platinum electrode (diameter 0.2 mm) protruding 0.2 mm from the surface of a polyoxymethylene frame (custom made at the National Institute of Occupational Health, Oslo, Norway). The pin electrode served as cathode and was attached to the skin by double-adhesive tape at the volar forearm (approximately 10 mm medial to half the distance between the insertion point of the biceps brachii tendon and the distal end of ulna). The anode was a conductive Velcrostrap (Alpine Biomed ApS, Skovlunde, Denmark) soaked in an isotonic sodium chloride solution and placed on the ipsilateral upper arm, 5 cm proximal to the cubital fossa. The electrical stimuli were delivered by a constant current stimulator (DS7A and DG2A, Digitimer, Hertfordshire, England). Each electrical stimulation is delivered as a double pulse, where each pulse lasts 0.5 msec. The two pulses are separated by 10 msec and is perceived as one single pulse. In a reaction time experiment stimulating the distal and proximal arm, the conduction velocity was estimated to be compatible with the activation of Aδ-fibers (8 m/sec).
Each subject's pain threshold (PT) was determined by a ladder sequence consisting of three ascending series of stimuli. Each series started at 0 mA, increased by steps of 0.1 mA and stopped at the lowest mA-value that was rated painful by the subject. The PT was calculated as the mean of the last two mA-values.
Subjects rated the pain intensity of each electrical stimulus verbally on a numerical rating scale (NRS) with end points 0 ('not painful') and 10 ('most intense pain imaginable'). Subjects were allowed to use decimals.
Pressure Pain Stimulation
The pressure pain threshold was measured by a handheld pressure algometer with probe size 1 cm 2 (Wagner Force One model FDIX, Wagner Instruments, Greenwich, CT, USA). The test site was a point on the upper trapezius muscle (dominant side), one third of the distance on a straight line connecting the C6 spinal segment and the lateral acromion. The rate of pressure increase was 5 N/sec (50 kPa/sec). The pressure reading from the algometer was sampled continuously by a computer (custom-written C++ program, National Institute of Occupational Health, Norway). To assist the experimenter in increasing pressure with a steady rate, a guideline was displayed alongside with the applied pressure on the computer screen. The pressure continued until the subject reached a score of 5 cm on a 0-10 cm visual analog scale with end points 'no pain' and 'worst pain imaginable'. The procedure was repeated three times.
EEG Registration
EEG registrations were made from 32 electrodes placed according to the international 10-20 system using a soft electrode cap matching the subjects head size (actiCAP, Brain Products GmbH, Gilching, Germany). The common reference electrode was placed at FCz. The continuous EEG signal was amplified, filtered (0.53-100 Hz) and sampled at 2 kHz (QuickAmp 40-channel amplifier and Brain Vision Recorder, Brain Products GmbH, Gilching, Germany). Impedance was kept below 20 kΩ. Ocular movements and eye blinks were monitored by two surface electrodes placed at the upper left (VEOG) and lower right (HEOG) side of the eye.
Experimental Procedure
After filling out the KSS scale and performing the PVT test at the start of the experiment, the EEG recording electrodes and the electrical stimulation electrode were mounted. Three blocks of 30 repeated noxious electrical stimuli were then applied. Stimuli were divided equally between intensity A (2 × PT), B (3 × PT) and C (4 × PT) within each block. The interstimulus interval varied between 10 and 15 sec. Each block lasted between 5 and 7 min and interblock interval was 2 min. Stimulus intensity was varied in pseudo-randomized order, i.e., for each block one of three predefined randomized sequences was followed. Subjects were instructed to keep their eyes open during the experiment and to focus on a sticker placed on the wall three meters away in order to minimize eye movements. Subjects were instructed to give their verbal pain intensity rating 3-4 sec after each stimulus. At the end of the experiment, sleep latency was measured before the EEG electrodes were unmounted.
EEG Preprocessing
Preprocessing was performed using Analyzer 2 software (BrainProducts GmbH, Gilching, Germany) and EEGlab Version 10.2.2.4b, 34 an open source toolbox running under the Matlab environment (R2012 The Mathworks, Natick, MA, USA). Preprocessing in Analyzer included the following steps: downsampling to 512 Hz, band pass filtering at 1-100 Hz, notch filtering at 50 Hz, ocular correction with independent component analysis (ICA), re-referencing to linked mastoid (A1+A2) and segmentation relative to stimulus onset (−1 to 2 sec). The segments were then visually inspected and segments with artefacts (18.0 %) were discarded. EEG-data were extracted from electrodes Cz-A1A2, C3-A1A2, and C4-A1A2. Responses from C3/C4 were subsequently arranged as responses contralateral (Cc) to the stimulated side, since previous studies have shown that painful stimulation correlates with alpha and gamma activity at contralateral central electrodes.
28,35-37
Time-Domain Analysis
For the time-domain analysis, across-trial average time courses were generated for each of the 18 experimental conditions (2 sleep × 3 block × 3 intensity). A semiautomatic search was performed in order to identify the maximum negative peak between 50 and 200 msec (N2) and the maximum positive peak between 150 and 500 msec (P2). If two P maxima were observed, the earlier was selected, in order to avoid P300. The N2P2 peak-to-peak amplitude was calculated as P2 peak amplitude minus N2 peak amplitude ( Figure 1 ).
Time-Frequency Domain Analysis
For the time-frequency analysis, segmented data were exported to Matlab format and analyzed by means of custom written Matlab scripts. 36, 38 The power spectral density of each epoch was calculated using the Windowed Fourier Transform (200 msec Hanning window), and averaged across trials to obtain the time-frequency representations for each subject and condition. To express the magnitude of event-related (ER) changes in oscillation amplitude, a percentage change in power for each TF-point after stimulus was calculated from a pre-stimulus reference interval (−900 msec to −100 msec) as follows:
( 1) where P(t,f) = | F(t,f)| 2 is the power spectral density at each time-frequency point (t,f) and R(f) is the average power spectral density of the signal within the prestimulus reference interval 36 for each subject and condition (2 sleep × 3 block × 3 intensity).
Defining Regions of Interest
To determine regions of interest (ROIs) within the TF-maps, we used a combination of bootstrapping and a paired t test. 39 After bootstrapping 1,000 times the paired t test determined which TF-points in the 0-800 msec poststimulus interval that was different from the reference interval (−900 to −100 msec). The t test compared each ER% TF-point to the reference and provided statistical P values where TF-points with P < 0.01 (uncorrected) were retained. Clusters of significant P values were then identified visually. Only large clusters with a bandwidth of at least 10 Hz and 50 msec were considered. For each electrode position (Cz and Cc), the clusters were used to define regions of interest (ROIs) for the subsequent quantitative analysis of each condition (2 sleep × 3 block × 3 intensity) on changes in power magnitude (ER%). ER% was used as the dependent variable in separate statistical analyses assessing the effects of sleep and habituation. Time-frequency representations contained both phase-locked event-related potentials (ERPs) and non-phase-locked ERS and ERD. 25 In addition, prior to baseline correction in the time-frequency domain, prestimulus α-power in the reference interval was quantified as the mean R(f) across the 8-13 Hz frequency range.
Time-frequency analysis revealed three clusters with significant changes in magnitude compared to the prestimulus reference interval. The three clusters were subsequently divided into four ROIs. The most significant response (ER%) was an early low frequency response corresponding to the N2P2 complex detected in the time domain in the 1-400 msec / 1-25 Hz range. In the following, this response in the time-frequency domain is denoted 'ERP'. The response was seen at both electrodes ( Figure 1 shows the response from Cz). Furthermore, a significant late ERD cluster was seen in the 200-800 msec range. This ROI was divided into α-ERD (8-13 Hz) and β-ERD (14-20 Hz), Figure 1 . Finally, a significant response cluster was seen in the gamma frequency range (GBO) (33-60 Hz, 190-470 msec). The magnitudes of GBO and β-ERD did not vary with sleep as a main effect, neither with any interactions between sleep and block or intensity. These ROI therefore were not analyzed further.
Statistics
Paired comparisons of TIB, TST, response speed, sleepiness, and sleep latency were performed by Student's t-test or by the nonparametric Wilcoxon test, if data were nonnormally distributed.
Psychophysical and electrophysiological measurements were analyzed by linear mixed models (LMM) with maximum likelihood (ML) estimation. LMM have been shown to be advantageous relative to the more classic repeated-measures analysis of variance for analyzing ERPs. 40 Dependent variables were subjective pain (NRS), electrophysiological data from the two electrode positions (Cz and Cc) analyzed in the time domain (N2P2 amplitude), in the time-frequency domain ('ERP' and α-ERD) and prestimulus α-power. One LMM analysis was performed for each electrode position. Independent fixed factors in the models were sleep, stimulus block (habituation) and stimulus intensity. Centering of the independent variables was not used.
To determine whether habituation to repeated blocks of painful stimulation varied between sleep conditions, a model with sleep, block, intensity, and sleep × block was tested. Similarly, to determine whether sleep condition affected painful stimulation differently at different intensities, a model with sleep, block, intensity, and sleep × intensity was tested. The interaction term was kept in the model only if P < 0.05. In this case a post hoc analysis was performed, in which only the effect of sleep was tested for each of the three levels of block or intensity. Bonferroni correction was then performed by multiplying the resulting P value by the number of comparisons. To determine whether the amplitudes differed between electrode positions, the datasets from electrode Cz and Cc were pooled and the dependent variables were tested with electrode (Cz, Cc) as the only independent fixed factor in the model. The number of repeated measures per subject was 18, yielding a total of 378 data points (21 subjects × 18 repeated measures).
From the painful pressure stimuli, the pressure pain threshold (PPT) was defined as the pressure corresponding to the first visual analog scale score above zero. The mean of the three PPT measurements was used in the statistical analysis.
The intercept was allowed to vary randomly in all models. Based on Akaike Information Criterion (AIC) random slope for sleep, intensity and/or block was added if it improved the model fit. No covariance structure was assumed.
Associations between selected continuous variables (NRS, N2P2, 'ERP', and α-ERD) were tested by separate LMM analyses in which one variable was the dependent variable, the other a covariate. Fixed factors (sleep, block, or intensity) were entered if it improved the model fit. Associations between electrical and pressure pain sensitivity were tested by Spearman's nonparametric bivariate correlation test. NRS scores averaged across blocks were correlated against PPT, one analysis for each stimulus intensity and sleep condition. Delta scores (changes in electrical and pressure pain scores from HS to SR) were tested in the same manner.
Statistical analyses were performed with IBM SPSS version 21 (IBM, Chicago, IL, USA).
RESULTS
TIB, Sleep Time, Sleepiness, and Behavioral Alertness
After SR, average TIB and TST was significantly shorter, PVT response speed was significantly slower, and subjects were significantly more sleepy (KSS), compared to after HS (Table 1) . Sleep latency tended to be shorter after SR.
Changes in Electrical Pain
Mean intensities of the high-density electrical stimulation were 2.4 ± 1.2 mA (intensity A), 3.7 ± 1.7 mA (intensity B), and 4.8 ± 2.3 mA (intensity C). This resulted in mean NRS scores of 2.6 ± 1.4, 3.5 ± 1.5, and 4.5 ± 1.6 on the 0-10 NRS scale, respectively.
Subjective pain ratings did not vary with sleep condition (P = 0.80), but increased with stimulus intensity (P < 0.001, Figure 2A ) and decreased with stimulus block (P = 0.004, Figure 2B ). There was a significant sleep × intensity interaction (P = 0.022). Post hoc analyses for each stimulus intensity showed a significant increase in pain ratings after SR for stimulus intensity C (P = 0.018, corrected): subjective pain ratings increased 8 %, from 4.4 ± 1.4 after HS to 4.7 ± 1.8 after SR (Figure 2A) . Pain did not increase after SR for intensities A and B (P > 0.66, corrected). The decrease in pain ratings across stimulus blocks did not differ between sleep conditions, i.e. there was no sleep × block interaction (P = 0.99, Figure 2B ). A statistical summary is shown in Table 2 .
Changes in ERPs: Time-Domain Averaging
N2P2 amplitude was significantly larger (F(1,21) = 29.1, P < 0.001), and N2 peak latency was shorter (F(1,21) = 9.5, P = 0.006) at Cz, compared to Cc (Table 3) . P2 peak latency did not differ between electrodes (F(1,714) = 0.1, P = 0.7).
N2P2 amplitude did not vary with sleep condition at Cc (P = 0.76; Figure 3A) , as well as at Cz (P = 0.69). At Cc, the amplitude of the N2P2 complex was 22.5 ± 8.5 mV after HS and 23.0 ± 7.5 mV after SR. At Cz, the N2P2 amplitude was 27.6 ± 11.7 mV after HS and 26.6 ± 12.2 mV after SR. There was a tendency toward an increased N2P2 amplitude with stimulus intensity at Cz (P = 0.09), but not at Cc (P = 0.48, Figure 3B ). There was no sleep × intensity interaction for any of the electrodes (P > 0.63). N2P2 amplitude habituated across Values are mean ± standard deviation. TIB was calculated based on sleep diary. TST was calculated based on actigraphy measurements (Cole-Kripke algorithm) adjusted with In-bed and Out-bed times from the diary. KSS was measured by the Karolinska Sleepiness Scale (1-9), sleep latency was measured by electroencephalography + electrooculography at the end of the experiment. P values are from the Wilcoxon signed rank test. a n = 20 for total sleep time calculations, due to four invalid actigraph measurements. KSS, Karolinska Sleepiness Scale; TIB, time in bed; TST, total sleep time.
Figure 2-Changes in pain. (A)
Mean pain intensity increased with stimulus intensity (**P < 0.001) and showed an interaction with sleep condition (P = 0.022). Post hoc analysis showed that pain ratings were higher after sleep restriction (SR) versus after habitual sleep (HS) for stimulus intensity C (**P = 0.018, Bonferroni corrected). (B) Mean pain intensity decreased with stimulus block (**P = 0.004), but the decrease did not change between sleep conditions (P = 0.99). Values are mean ± standard error of the mean. NRS, numerical rating scale; HS, habitual sleep; SR, sleep restriction. The sleep × block interaction was not significant (P = 0.99) and was left out of the final model. NRS, numerical rating scale.
stimulus blocks at both electrodes (P < 0.001), but there was no sleep × block interaction for any of the electrodes (P > 0.14, Figure 3C ). A statistical summary is shown in Table 4 .
Changes in ERPs: Time-Frequency Domain Averaging
'Event-Related Potential'
'ERP' was significantly larger in magnitude at Cz than at Cc (F(1,21) = 9.6, P < 0.005) ( Table 3) .
The 'ERP' response at electrode Cc was significantly larger in magnitude after SR (108.2 ± 88.9 %) versus after HS (84.8 ± 69.0 %, P = 0.021, Figure 4A ). There was no difference in response magnitude at electrode Cz (P = 0.56).
The 'ERP' response habituated with stimulus block at Cc (P < 0.001, Figure 4C ), as well as at Cz (P < 0.001). There was no sleep × block interaction at any of the electrodes (P > 0.33), i.e., habituation did not vary between sleep conditions. 'ERP' magnitude increased with stimulus intensity at electrode Cc (P = 0.045, Figure 4B ) and showed a tendency at electrode Cz (P = 0.092). There was no sleep × intensity interaction at any of the electrodes (P > 0.21). A statistical summary is shown in Table 4 .
α-ERD and Prestimulus α-power
α-ERD did not differ between electrodes (F(1,21) = 2.5, P < 0.13) ( Table 3 ). α-ERD at electrode Cc was significantly Values are mean ± standard deviation. ERP (%) is the magnitude of eventrelated changes in oscillation amplitude is calculated as a percentage change in power for each TF-point relative to a pre-stimulus reference interval (−900 msec to −100 msec). α-ERD is alpha band event-related desynchronization relative to the prestimulus reference interval. weaker in magnitude after SR (−27.8 ± 38.0 %) versus after HS (−35.4 ± 28.9 %) (P = 0.039), indicating less ERD after SR versus after HS ( Figure 5A ). There was no effect of sleep on α-ERD at electrode position Cz (P = 0.19). α-ERD increased significantly in magnitude with stimulus intensity at both electrode positions (P < 0.001; Figure 5B ). There was no sleep × intensity interaction at any of the electrodes (P > 0.78). α-ERD decreased significantly with stimulus block at Cc (P = 0.032; Figure 5C ) and at Cz (P = 0.009), indicating habituation. There was no sleep × block interaction at any of the electrodes (P > 0.54). A statistical summary is shown in Table 4 . α-ERD depends largely on prestimulus α-power, 28 but there was no main effect of sleep on pre-stimulus α-power at electrode Cc (P = 0.46) or Cz (P = 0.45).
Changes in Pressure Pain Sensitivity
Mean PPT decreased from 28.6 ± 12.3 N after HS to 26.3 ± 9.2 N after SR, indicating an increased deep tissue pain sensitivity over the trapezius muscle (F = 6.4, P = 0.013).
Associations
In our post hoc analysis we found a significant positive association between 'ERP' and α-ERD both at Cc (F(1,374) = 163; P < 0.001) and Cz (F(1,363) = 118, P < 0.001), i.e., α-ERD is attenuated as 'ERP' is increased.
Electrical pain ratings (NRS) were significantly associated with the 'ERP' response at Cc (F(1,307) = 5.1, P = 0.025), an association that was not significant for the N2P2 amplitude (F(1,299) = 2.6, P = 0.11) nor for the α-ERD response (F(1,292) = 0.3, P = 0.58). At Cz there were no associations between pain and the 'ERP' (F(1,306) = 0.3, P = 0.61), N2P2 (F(1,314) = 1.5, P = 0.21), nor α-ERD (F(1,292) = 0.6, P = 0.45).
After SR, significant negative associations were found between electrical pain ratings at all intensities (NRS) and the PPT (rho < −0.51, P < 0.027). This indicates that subjects with the highest sensitivity to pressure pain also were most sensitive to electrical pain. After HS, no association was found between NRS and PPT (rho > −0.16, P > 0.5).
DISCUSSION
The main findings of the current study were that (1) subjective pain ratings to high-density electrical stimulation increased significantly after partial sleep restriction, but only for the highest stimulus intensity; (2) the magnitude of the painelicited EEG response analyzed in the time-frequency domain ('ERP') increased after partial SR, whereas the EEG response analyzed with the more conventional time-domain averaging (N2P2) did not, and (3) habituation across blocks did not differ between HS and SR. Finally, (4) pressure pain sensitivity of the trapezius muscle region increased after partial SR.
Effects on Sleepiness Measures
Subjects were actually more sleepy during the SR condition: both by the PVT 32 and by the KSS. Shorter sleep latency after the experiment did not meet criteria for statistical significance. These measures confirm that our intervention had the intended effect on the participants.
Effects of SR on Pain
Experimental SR produced an increased pain sensation to the strongest electrical stimulus intensity (corresponding to NRS ≈ 4.5), but not to the weaker stimulus intensities (NRS ≈ 2.5-3.5). Neither was there an effect of SR on pain sensation averaged across all three stimulus intensities. This shows that 2 nights with partial SR is associated with hyperalgesia to electrically induced pain of moderate intensity. Weaker pain stimuli (lower third of the 0-10 NRS) were not affected by experimental SR. This differential effect on intensity confirms previous findings of SR-related hyperalgesia affecting only the highest mechanical pinprick intensity. 21 To the authors' knowledge, no other studies have tested perception of painful electrical stimulation after SR. However, the electrical sensory threshold (generally nonpainful) was not found to be modulated following SR, 41 indicating that low-intensity electrical stimuli may not be sensitive to reduced sleep length. Other studies have shown that reduced sleep is associated with hyperalgesic effects of both thermal and mechanical pain. Laser-induced heat-pain ratings was unchanged 23 or increased by 30% 14 following 2 nights of 4 h of sleep and increased by 57% 22 after 2 nights of total sleep deprivation, respectively. Hypersensitivity to contact heat stimuli after SR has also been reported after 2 nights of total sleep deprivation, 9 after 2 nights of 4 h of sleep 23 and after 1 night of 4 h of sleep. 12 Furthermore, Schuh-Hofer and coworkers, 21 performing an extensive quantitative sensory testing protocol, reported that 1 night of total sleep deprivation led to lower pain thresholds to heat, cold, and mechanical pinpricks, supporting SR-induced hyperalgesia.
Possible explanations for the weak increase in pain (≈ 8 %) after SR in the current study, compared to the 30% pain increase reported by Tiede and coworkers, 14 could be related to differences between electrical and laser stimulation, as the former may stimulate some low-threshold Aβ-fibers whereas the latter is nociceptive specific. 29, 42 The difference in pain increase could also be related to different methods for rating pain: the subjects rated every single stimulus in the current study, whereas in the study by Tiede et al. subjects rated the stimulus intensity at the end of a block of 20 stimuli. 14 The current study also found that experimental SR led to reduced pressure pain thresholds from the upper trapezius muscle. Reduced PPT after reduced sleep length corresponds with other experimental studies that investigated the effect of total sleep deprivation and insomnia on mechanical pain sensitivity of bone and muscular structures. 16, 21, 43 Not only does SR seem to increase the pressure pain sensitivity within individuals, the current correlation between PPT and electrical pain ratings after SR indicate that the individuals who are most sensitive to pressure pain after SR also are the ones most sensitive to electrical pain stimuli.
Regarding the effects of SR on subjective responses to painful stimulation, the current study confirms knowledge from previous studies by showing SR-associated hyperalgesia to mechanical pain and extends knowledge to show that hyperalgesia exists also to electrically induced pain of moderate intensity. The overall hypothesis that insufficient sleep may contribute to the amplification of pain across several types of pain, involving both deep tissue afferents and more superficial afferents, is supported.
Effects of SR on N2P2 and 'ERP' Magnitude
The 'ERP' region of interest (based on time-frequency analysis) increased significantly in magnitude after SR at the contralateral Cc electrode, compared to HS, whereas the N2P2 amplitude (based on time-domain analysis) did not change. SR did not produce changes in response magnitude at the vertex Cz electrode, neither for 'ERP' nor for the N2P2 amplitude.
The current results differ from three similar studies that reported attenuated laser-evoked potential (LEP) amplitude at Cz after SR. 14, 22, 23 Tiede and coworkers 14 found that 2 nights of SR led to a 34% decrease in LEP amplitude, compared to HS. Decreased LEP amplitude was also found by Ødegård and coworkers, 23 comparing LEP amplitude after 2 nights of 4 h of sleep versus 2 nights of 9 h of sleep. Azevedo and coworkers 22 obtained LEP thresholds before and after 2 nights total sleep deprivation and observed a 23% increase in average thresholds. Furthermore, stimulating Aδ-fibers electrically led to reduced N120-P240 magnitude at Cz during sleep, compared to before sleep. 44 These studies indicate that the amplitude of cortical responses recorded at the vertex after painful laser stimulation is attenuated by sleep restriction, as well as during actual sleep.
The discrepancy in SR-induced changes in N2P2 amplitude between the current study and the two aforementioned LEP-studies could be related to differences between painful test stimuli; electrical shocks vs. radiant heat induced by laser. Laser stimulation activates a combination of Aδ and C nociceptive fibers. 42 Data from reaction time experiments in our lab show that the high-density electrode activates Aδ-fibers, although coactivation of Aβ-fibers cannot be ruled out. Although pain stimulation in general transmit information through the spinothalamic pathway to thalamus, primary and secondary somatosensory cortex, insular cortex, and anterior cingulate cortex, different types of pain produce different patterns of activations. 45 Thus, given that laser and electrical stimuli probably produce different patterns of cortical activation per se, it may not be surprising if the pain-modulatory effect of reduced sleep also differ between laser and electrical stimuli.
N2 and P2 waves evoked by nociceptive stimuli reflect activations in the secondary somatosensory cortices, the insula, and the anterior cingulate gyrus. 46, 47 It is, however, worth noting that the N2P2 complex is similar to vertex potentials elicited by other sensory modalities (touch, auditory, visual). 48 Thus, it has been suggested that the N2 and P2 waves are mainly determined by the ability of the external sensory stimulus to capture attention (i.e. stimulus saliency), rather than the ability to produce pain per se. 49 Most of these findings, which are based on the studies of laser-evoked potentials, should be valid for other types of stimulation to activate small fibers, such as the current high-density electrical stimulation. Our findings of an increased 'ERP' magnitude for all intensities after SR, but increased pain scores only for the highest intensity, may thus indicate that the effects of SR on saliency is present for all intensities, but only for pain stimuli above a certain threshold. The discrepancy between intensity and SR on N2P2 amplitude (unchanged) and 'ERP' magnitude (facilitation) could reflect that the latter methodology is more sensitive in picking up intensity-related changes of neural oscillations (see Figures 3B  and 4B ). Another explanation for the discrepancy between SR-induced effects on N2P2 amplitude and 'ERP' magnitude could be that in situations with large latency jitter the amplitude of across-trial averages in the time domain will be reduced. 24 The time-frequency analysis overcome this by taking into account both the latency jitter that may occur between responses and account for phase-locked and non-phase-locked changes in amplitude. It should be noted that the P300 component of ERPs, which is generally generated by deviant (rare and unexpected) stimuli in oddball paradigms, 50 could not be consistently evoked using our experimental design, and thus was not considered in the current study.
In summary, the current results extend previous findings by indicating that sleep restriction facilitates the EEG response analyzed in the time-frequency domain ('ERP'), whereas the EEG response analyzed in the more conventional time-domain (N2P2) is unaffected.
Effect of SR on Habituation
Pain, N2P2, and 'ERP' habituated across the three stimulus blocks, but there was no interaction between sleep and habituation for any of the outcome variables. That habituation of N2P2 does not change with sleep restriction was also shown in a recent study of laser-evoked potentials. 23 Because habituation of pain ratings after SR is unaltered relative to after HS, this indicates that the hyperalgesic effect of SR on subjective pain intensity cannot be explained by attenuation of habituation.
Because habituation of pain ratings did not change with sleep condition, the lower rates of habituation observed in chronic pain disorders such as migraine and fibromyalgia 51, 52 are probably not associated with relative sleep restriction.
Associations between Electrophysiological Outcomes
The painful stimulus induced α-ERD at both electrodes (Cz and Cc) in the 200-800 msec post-stimulus interval. This is an analog to results from previous experimental studies, which showed that painful events exert a global α-ERD. 27, 28, 53 Our results also showed that α-ERD increased in magnitude with increasing stimulus intensity and pain, corresponding to a previous study. 54 Increasing α-ERD may indicate increasing activation of cortical neuronal networks. 55 α-ERD at electrode position Cc (overlying the primary sensory cortex) was reduced after SR, compared to after HS ( Figure 5 ). Because α-ERD is considered to reflect cortical activation involved in processing of sensory or cognitive information, we interpret the reduction in α-ERD after SR as an indication of reduced cortical processing in the primary sensory cortex of the evoked nociceptive signal after SR. 38 The SR-induced reduction in α-ERD magnitude was most prominent at the highest stimulus intensity, but was also evident at the lowest stimulus intensity ( Figure 5B ). The magnitude of the 'ERP' response reflects the dipole generated as the sum of negative and positive postsynaptic potentials in the cortical cells underneath the nearby electrode. Contemporary cortical processing in the same cortical area may thus affect the magnitude of 'ERP' responses. One may speculate that the SR-induced reduction in α-ERD is related to the SR-induced increase in 'ERP'. Our post hoc analysis of this association revealed that the α-ERD magnitude actually was significantly associated with the 'ERP' magnitude; i.e., α-ERD is attenuated as 'ERP' is increased. This may indicate that the increased 'ERP' after SR is related to reduced sensory-related processing of the response in the primary somatosensory cortex. Although speculative, one may suggest that the reduced α-ERD indicates that fewer resources are used for poststimulus processing in this area of cortex after SR, i.e., that the stimuli are given less sensory-discriminative value. There was, however, no association between pain ratings and α-ERD. The lack of association between α-ERD and pain underlines the fact that the subjective evaluation of pain requires involvement of several brain structures. This may suggest differential SR-related modulation of brain structures involved in pain processing. Or, building on the aforementioned speculation, if the stimuli are given less sensory-discriminative value after SR, the SR-induced increase in pain intensity (for the highest stimulus intensity) may be driven by affective components of pain.
Finally, the relationship between pain, 'ERP'magnitude, and N2P2 amplitude were investigated. It indicated a significant association between pain ratings and 'ERP' magnitude, but no significant association between pain ratings and N2P2 amplitude. Both findings correspond with previous studies on LEPs. A significant association between pain scores and LEP magnitude analyzed in the time-frequency domain was found by Zhang et al. 36 In contrast, no association between pain and LEP amplitude was found when responses were analyzed in the time domain. 48 Taken together, ERPs calculated in the time-frequency domain seem to be a better predictor of pain than ERPs calculated in the time domain. However, one must keep in mind that the ERP predominantly reflects sensory processing in primary somatosensory cortex. Indeed, it is not a measure of the global processing of pain.
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CONCLUSION
The current study extends previous findings by showing that experimental sleep restriction leads to increased perception of high-density electrically induced pain of moderate, but not low, intensity. Previous findings are confirmed and extended by showing muscular pressure pain hyperalgesia of the trapezius muscle region. The magnitude of the pain-elicited EEG response analyzed in the time-frequency domain ('ERP') increased after partial sleep restriction. Habituation to repeated blocks of painful stimulation was not affected by sleep restriction and cannot explain the increased pain perception or increased 'ERP'. We hypothesize that the increased 'ERP' is related to reduced sensory-related processing of the response in the somatosensory cortex.
